Generating and maintaining a diverse repertoire 2 of naive T cells is essential for protection against 3 pathogens, and developing a mechanistic and quanti-4 tative description of the processes involved lies at the 5 heart of our understanding of vertebrate immunity. 6 Here we review the biology of naive T cells from birth 7 to maturity and outline how the integration of math-8 ematical models and experiments has helped us to 9 develop a fuller picture of their life-histories. 10 1 | Introduction 11 T cells are a key component of the adaptive immune 12 system and have the capacity to specifically recognise 13 pathogens and mount a sterilising immune response 14 to the infection. The persistence of specific T cells 15 after an immune response is the basis of immuno-16 logical memory, and for many pathogens a single in-17 fectious encounter results in life-long immunity to 18 further exposures. The diverse repertoire of antigen 19
rise to mature TCR structures. Expression of func- 91 tional TCRβ chains stimulates cells to undergo ex- 92 tensive cell division and expansion, resulting in the 93 generation of the large numbers of DPs required 94 to audition for selection. These different stages of 95 DN development can be conveniently identified on 96 the basis of CD25 and CD44 expression. ETP en- 97 ter the thymus and fall within the CD44 + CD25 − 98 (DN1) phenotype, further identified by expression 99 of cKit 3 . Commitment to the T cell lineage oc-100 curs in CD44 + CD25 + (DN2) cells, which can further 101 be divided into cells that retain NK and dendritic 102 cell potential 4, 5 (DN2a) and those fully committed 103 to T lineage (DN2b). Trcb gene rearrangement oc-104 curs in cells with a CD44 − CD25 + (DN3) phenotype, 105 which can also be further divided into those that have 106 successfully rearranged their Trcb gene (DN3b) and 107 those attempting to do so (DN3a). At this stage, 108 it also possible for Tcrd and Trcg genes to be rear- 109 ranged and divert development to a γδ T cell lineage. 110 Successful expression of a mature TCRβ in complex 111 with the preTα receptor then drives a burst of cell 112 division, and development through a CD44 − CD25 − 113 (DN4) phenotype. Division continues as DN4 cells 114 upregulate CD8 and CD4 coreceptors to become DP 115 cells, a stage we turn to in the next section. 116 While the DN compartment is one of the smallest 117 in the thymus, it is the one in which cells spend the 118 longest time, and various quantifications and models 119 of progression through the DN stages are in general 120 agreement regarding the timescales involved. Our 121 own studies, tracking progeny of congenically marked 122 haematopoietic stem cells in the steady state, sug-123 gest that it takes up to two weeks for the first donor 124 cells to appear in DN2 and DN3 stages, and a further 125 2-3 weeks for complete turnover of the DN compart-126 ments 6 , similar to observations of using experimental 127 transfer of thymic progenitors 3 . Data from the lat- 128 ter study were used to model the DN1-2 transition 7 , 129 estimating transit times of around 10 Figure 1 : Mapping the development of αβ T cells in the thymus. Common lymphoid progenitor cells migrate from the bone marrow to the thymus where they begin a multi-stage process of development. Red and blue denote the CD4+ and CD8+ lineages of TCRαβ T cells respectively. Discs with arrows denote the approximate number of cell divisions undergone at each stage. DN -CD4 CD8 double negative, DP -CD4 CD8 double positive.
Box 1: Transit and residence times in development When estimating the time taken for cells to progress through development, care must be taken in the interpretation of the parameters of traditional ordinary differential equation (ODE) models. Take a population N that is fed at a constant rate θ from a precursor population, is at risk of death, and also matures to a downstream developmental stage. If maturation and cell death are both modelled as independent, firstorder processes, then if µ is the per capita maturation rate and δ is the rate at which they die, then we can model the dynamics of the expected number of cells in this population using
Here µ dt and δ dt are the probabilities that a cell will mature or die, respectively, within a short time interval dt. into the same mouse have come to opposite conclu-510 sions regarding their relative abilities to survive 48, 49 .
These latter studies were performed in mice of dif-512 ferent ages, and as discussed below the survival or and promote their survival in a similar manner to 730 that described in mice is not known, as we lack an 731 appropriate experimental framework to investigate 732 such signalling in vivo in humans.
733
Together these results suggest that naive T cell num-734 bers are regulated through the availability of shared 735
resources. This quorum-sensing is mediated by the 736 interplay of at least two signals whose availabilities 737 likely become limiting at different cell densities, and 738 have differing impacts on survival and the propensity 739 for proliferative renewal. It seems that competition 740 for these signals predominantly tunes survival at or 741 near normal cell numbers, but these stimuli drive 742 proliferation when not limiting. We return to the is-743 sue of the 'public' or TCR-clonotype-specific nature 744 of MHC-derived stimuli below. Tsukamoto et al. 99 ascribed the apparent increase in 834 lifespan of old cells to a process of adaptation or con-835 ditioning, and not selection. They argued that given 836 the natural decline in thymic output and the short 837 average lifespan of naive cells in young adult mice time in the periphery, explains these diverse datasets 877 poorly 64 . The study also supports the conclusion of 878 Tsukamoto et al. 99 
Datasets

Models of naive T cell homeostasis
Slow decay of naive T cells in older, thymectomised mice arises from accumulation of older, tter cells
Slow decay of naive T cells in older, thymectomised mice arises from outgrowth of tter clones
Incumbent population explains kinetic of loss post-thymectomy poorly
Incumbent population prevents complete replacement of host naive cells with new donor cells
Presence of incumbents does not predict trend in mean tness with host age Cannot explain multi-phasic decay of naive T cells post-thymectomy WT Tx Figure 2 : Comparing the ability of multiple models of naive T cell homeostasis to explain diverse datasets. Green, bold text indicates that the model is able to explain the corresponding dataset. Only the adaptation model is able to explain all three sets of data alone. (Figure adapted from mice, suggesting that self-driven LIP is a major con-1206
Decelerating loss of cells post-thymectomy due to increased availability of resources
tributor to the establishment of the memory com-1207 partment. Similarly, they showed that conversion of 1208 naive to memory in adult mice was dependent upon 1209 TCR and CD28 signalling. Treatment of mice with 1210 broad-spectrum antibiotics did not reduce the ex-1211 tent of conversion to memory, and the authors argued 1212 that the same self-recognition drives this flow in both 1213 neonate and adult, albeit at different rates.
1214
Although self recognition is one driver for establish-1215
ing and feeding the memory pool in young mice, a 1216 study of mice co-housed with pet-store mice 127 
